16 O charged-current reactions in Super-Kamiokande are evaluated for a future supernova neutrino burst. Since these channels are expected to be useful for diagnosing a neutrino spectrum with high average energy, the evaluations are performed not only for an ordinary supernova neutrino model but also for a model of neutrino emission from a black-hole-forming collpase. Using shell model results, whose excitation energies are consistent with the experimental data, the cross sections of the 16 O(ν e , e − )X and 16 O(ν e , e + )X reactions for each nuclear state with a different excitation energy are employed in this study. It is found that, owing to the components of the reaction with higher excitation energy, the event spectrum becomes 4-7 MeV softer than that in the case without considering the excitation energies. In addition, a simplified approach to evaluate the event spectra is proposed for convenience and its validity is examined.
Introduction
The detection of supernova neutrinos is one of the main targets of terrestrial neutrino experiments [1] [2] [3] . Core collapse supernovae emit numerous neutrinos of all flavors with energies of tens of MeV, which are expected to provide various information on supernova physics as well as neutrino physics [4] [5] [6] [7] [8] [9] [10] [11] . Currently, several neutrino detectors are operating and ready for the next Galactic supernova [9, 11, 12] . Using different kinds of detectors such as the water Cherenkov, liquid scintillator and liquid argon types, we can study the flavor-dependent fluxes and spectra of supernova neutrinos [13] [14] [15] [16] [17] [18] [19] .
We focus on the neutrino-induced reactions in water Cherenkov detectors [20] . The dominant channel for supernova neutrino observation isν e absorption on free protons, which is called an inverse β-decay reaction. Elastic scattering between neutrinos and electrons is also expected. Furthermore, neutrinos interact with 16 O nuclei through charged-and neutralcurrent channels. In particular, for the charged-current 16 O(ν e , e − )X and 16 O(ν e , e + )X reactions, the recoil e − /e + emits the Cherenkov light, as is the case for the inverse β-decay reaction and neutrino-electron scattering. Their event number strongly depends on the average energy of neutrinos because the energy thresholds of these interactions are as high as ∼15 MeV and ∼11 MeV for the 16 O(ν e , e − )X and 16 O(ν e , e + )X reactions, respectively [21] . Therefore, these channels will be useful if the average energy is as high as in the case of neutrinos from a black-hole-forming collapse and the early (accretion) phase of a supernova neutrino burst.
Super-Kamiokande (SK) is the only current example of a large water Cherenkov detector. In June 2018, the collaboration started an upgrade to load gadolinium (Gd) into the water in SK, which is called the SK-Gd project [22] . As a result of this update, neutrons produced by the inverse β-decay reactions are expected to be captured on Gd, leading to the emission of γ rays, which are detectable in SK [23] . Thus, taking the coincidence of a prompt positron signal and γ rays from the neutron capture (neutron tagging), events of the inverse β decay reaction are discriminated from other events. Furthermore, while the cross section of the electron-scattering reaction has a strong forward peak, that of the neutrino- 16 O chargedcurrent reaction has a moderate backward peak [21] . Accordingly, the neutrino- 16 O chargedcurrent reaction is detected as neither a neutron-tagged nor a forward-scattered event in SK-Gd.
So far, the neutrino- 16 O reactions have been extensively studied for a broad range of the induced neutrino energy [21, [24] [25] [26] [27] [28] [29] [30] [31] . As in the case of supernova neutrinos, neutrinos with energies of tens of MeV can excite 16 O nuclei to giant resonances. Since the energy of the recoil e − /e + is equal to the difference between the induced neutrino energy and the nuclear excitation energy, the cross section for each excited state in the resonance is required to evaluate the energy distribution of the recoil e − /e + . For the channels of the neutrino-16 O charged-current reaction, in this study we investigate the event spectra in the SK taking into account the cross section for each excitation energy. In the previous studies [13, 17, 32] , the neutrino event numbers are investigated with the cross section including the contributions from individual excited states while the excitation energy of each state is not considered to evaluate the energy of recoil e − /e + . In this study, the neutrino event spectra are investigated using the cross section of each excited state in a consistent manner for the first time.
This paper is organized as follows. In Sect. 2, we present the cross sections of the 16 O(ν e , e − )X and 16 O(ν e , e + )X reactions for each nuclear state with different excitation energies. A simplified approach to calculate the energy distribution of the recoil e − /e + is also proposed. In Sect. 3, we show e − /e + spectra induced by supernova neutrinos and evaluate the validity of the simplified approach. For this purpose, both analytic expressions and numerical models for the supernova neutrino spectra are adopted. Finally, Sect. 4 is devoted to our conclusions.
Cross sections of neutrino-16 O charged-current reactions
We first discuss the neutrino-16 O charged-current reactions. Since the recoil e − /e + produced by 16 O(ν e , e − )X and 16 O(ν e , e + )X reactions is detectable via the Cherenkov light, these reactions are possible detection channels of supernova neutrinos. The total energy (including the rest mass) of the recoil e − /e + , E e , is related to the neutrino energy, E ν , as E e = E ν − E x , where E x is the excitation energy of the final nucleus measured from the ground state of 16 O. Therefore, to evaluate the energy distributions of the recoil e − /e + , the cross sections of the 16 O(ν e , e − )X and 16 O(ν e , e + )X reactions are needed for each excitation energy. In Ref. [26] , the neutrino-16 O charged-current reaction cross sections were calculated as functions of E x with a continuum random phase approximation (CRPA) and the resultant total cross sections were shown in table form. While the data in Ref. [26] are widely used to evaluate event numbers (e.g., a Monte Carlo simulation of the neutrino burst detection system at SK [32] ), the cross section for each excitation energy was not shown.
The cross sections of neutrino-16 O charged-current reactions presented in this study are based on shell model calculations with the SFO-tls Hamiltonian [33, 34] , which is a modified version of the SFO Hamiltonian [35] . The SFO can well reproduce both the exclusive and inclusive neutrino-12 C charged-current reaction cross sections induced by decay-at-rest neutrinos [36] . In the SFO-tls Hamiltonian, the p-sd cross shell part is improved to properly take into account the tensor interaction [33, 37] . Using the multipole expansion of weak hadronic currents, the reaction cross sections induced by ν e orν e are given as [36, [38] [39] [40] 
are the Coulomb, longitudinal, transverse electric and transverse magnetic multipole operators for the weak hadronic currents, respectively, which are defined by the sum of the vector and axial-vector currents for the charged-current reactions (ν e , e − ) and (ν e , e + ). The reduced matrix elements of these operators between the initial state J i and the final state J f are involved in the cross sections. In Eq. (1), the weak coupling constant is G F cos θ C , where the Fermi coupling constant is G F , the Cabibbo angle is θ C and the Coulomb correction is taken into account by the Fermi function F (Z f , E e ) with the charge of the final nucleus Z f [41] . Meanwhile, ν and k are neutrino and lepton momenta, respectively, and the other vector quantities are q = k − ν, β = k/E e ,ν = ν/| ν| andq = q/| q|.
We select 42 states with different excitation energies, as listed in Tables 1 and 2 , and evaluate the partial cross sections for each state. Note that in the case of 16 O, the dominant contributions are from the spin-dipole transitions. We therefore take transitions to 0 − , 1 − and 2 − states and add some transitions to 1 + states and a 3 − state. The excitation energies of the low-lying 0 − , 1 − and 2 − states in 16 F are in good agreement with the experimental data [42] [43] [44] [45] . Since the isospin conservation is fully taken into account in the present shell model calculation, the 16 O(ν e , e − )X and 16 O(ν e , e + )X reactions have the same excitation energies The sum of the 42 partial cross sections corresponds to the total cross section, σ(E ν ). In Fig. 1 , we compare the total cross sections of our model (SFO-tls shell model) and the CRPA model [26] . In comparison with the CRPA model, the SFO-tls model has a larger cross section for the 16 O(ν e , e − )X reaction but a smaller cross section for the 16 O(ν e , e + )X reaction if neutrinos have energies of tens of MeV. Nevertheless, the SFO-tls model and CRPA model have qualitatively similar curves for the total cross sections. It is consistent with the fact that the both models are tested to reproduce the total muon capture rates for 16 O well [27, 46] . As a result, it is also expected that the both models have similar strengths of giant resonances. Note that the energy range of E ν 100 MeV is important for supernova neutrino detection, and the contribution of quasi-elastic scattering becomes dominant for E ν 100 MeV [29, 31] . From Fig. 2 , which shows the cross sections as functions of the excitation energy, we can recognize that the region of the giant resonances is sufficiently included in our model so as to evaluate the spectra of supernova neutrino events. On the other hand, for the neutrino energy above ∼100 MeV, our model underestimates the cross section because the contributions of quasi-elastic scattering and states with the higher excitation energies are omitted. Now we move on to the study of a simplified approach to calculate the energy distribution of the recoil e − /e + . Clearly, we can evaluate the event spectrum, dN (E e )/dE e , by summing the 42 partial cross sections referred to above as
where N T is the number of 16 O targets and dF(E ν )/dE ν is the flux of induced neutrinos. The index k denotes the states with excitation energy E x,k and partial cross section σ k (E ν ). Nevertheless, many of the states have a minor contribution to the total cross section and the excitation energies of some states are very close to each other. Here, we devide the 42 states into four energy groups (Tables 1 and 2 ). Then, the sum of the partial cross sections, σ g (E ν ), is calculated for group g as shown in Table 3 . Note that σ g (E ν ) is related to σ(E ν ) and the event spectrum is written as
where E x,g is the excitation energy of the representative state of group g as shown in Table 4 . The validity of our approach is examined in the next section. Furthermore, for the energy range of E ν < 100 MeV, we fit σ g (E ν ) with the analytic expression
Λ(E ν ) = log 10
which is an extension of the fitting formula in Ref. [47] . The fitting parameters a g , b g and c g are shown in Table 4 .
3. Spectra of recoil e − /e + from neutrino-16 O charged-current reactions
In this section, we investigate the event spectra induced by the neutrino-16 O charged-current reactions. In the following, we predict the neutrino events detected in SK with a fiducial volume of 32 kton assuming a supernova at a distance of d SN = 10 kpc and 100% detection 6/15 
σ 4 (cm 2 ) 12 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.03E−46 0.00E+00 0.00E+00 0.00E+00 15 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.32E−44 0.00E+00 0.00E+00 0.00E+00 18 9.61E−45 0.00E+00 0.00E+00 0.00E+00 6.16E−44 9.77E−46 0.00E+00 0.00E+00 21 efficiency for E e ≥ 5 MeV. Note that in the actual detectors, the excited nuclei produced by the 16 O(ν e , e − )X and 16 O(ν e , e + )X reactions may emit extra γ rays in their decaying processes, which are obstacles to the accurate event reconstruction. We assume that we can reconstruct the primary e − /e + energy in the present work and that we can distinguish the extra γ rays above 5 MeV from the primary e − /e + by checking the Cherenkov angle around the primary vertex [48, 49] or Cherenkov-ring counting method [50] . To examine the validity of the simplified approach introduced in the previous section, the event spectra evaluated with Eqs. (2) and (3) are compared. Hereafter, we refer to the spectra evaluated with Eqs. (2) and (3) as "42-state case" and "four-group case", respectively. For the supernova neutrino spectra, we first adopt the analytic expressions in Sect. 3.1. As the next step, numerical models are utilized in Sect. 3.2.
with the gamma function Γ(α + 1) where α = 2 and 3 correspond to models (ii) and (iii), respectively [51] . Here, α is referred to as the shape parameter. The spectrum is more pinched (high-energy tail suppressed) for larger α. For the second energy moment, E 2 νi , Eq. (9) gives E 2 νi / E νi 2 = (2 + α)/(1 + α). Since Eq. (6) gives E 2 νi / E νi 2 = 1.303, model (i) corresponds to α = 2.301. Another way to give pinched spectra is Fermi-Dirac distribution with a nonzero chemical potential, which is proportional to E 2 ν /[exp(E ν /T − η) + 1] with parameters T and η, where η > 0 indicates a pinched spectrum [52] . Based on again the value of E 2 νi / E νi 2 , α = 2 and 3 correspond to η = −∞ and 1.694, respectively. In Fig. 3 , we show the event spectra of the recoil e − /e + produced by the 16 O(ν e , e − )X and 16 O(ν e , e + )X reactions for E νe = Eν e = 10 MeV. We can see that the spectrum of the "four-group case", which is the simplified approach introduced in this study, is very similar to that of the more accurate "42-state case" for each condition. Here, we also show the spectra calculated under the assumption that all of the recoil e − /e + have an energy of E e = E ν − E x, g.s. , where E x, g.s. is the excitation energy of the reaction to the ground state of the final nucleus, which we refer to as the "single-energy case". Note that this type of estimation has usually been carried out so far (e.g., [17] ). The "single-energy case" has a harder spectrum than the "42-state case" and "four-group case" because the estimation of E e is about 4 MeV too high in the "single-energy case". In other words, a considerable fraction of neutrino-16 O charged-current reactions occur with an excitation energy clearly higher than the threshold energy. Regarding the difference in the induced supernova neutrino spectrum, 8)] for the supernova neutrino spectra. The neutrino average energy is taken to be E νe = Eν e = 10 MeV. Solid, dashed and dotted lines represent "42-state case", "four-group case" and "single-energy case", respectively. a model (ii) has a larger event number than model (iii). This is because, for a fixed neutrino average energy, the Maxwell-Boltzmann distribution has a harder spectrum and is more abundant in high-energy neutrinos than the modified Maxwell-Boltzmann distribution. Since the hardness of the Fermi-Dirac distribution is between those of the Maxwell-Boltzmann and modified Maxwell-Boltzmann distributions, the event number of model (i) is larger than that of model (iii) but smaller than that of model (ii).
The event spectra for the neutrino average energy E νe = Eν e = 20 MeV are shown in Fig. 4 . We can again recognize that the "four-group case" is consistent with the "42-state case" but the "single-energy case" gives incorrect results and its spectra are about 7 MeV harder. For each condition, the total event number of the model with E νi = 20 MeV is larger than that with E νi = 10 MeV by about one order of magnitude. This large difference is attributed to the high threshold energy of neutrino-16 O charged-current reactions as already mentioned. The threshold energy of the 16 O(ν e , e − )X reaction is higher than that of the 16 O(ν e , e + )X reaction. Therefore, for the models with E νi = 10 MeV, the 16 O(ν e , e + )X reaction has a larger event number than the 16 O(ν e , e − )X reaction. Nevertheless, the opposite trend is seen for E νi = 20 MeV because the cross section of the 16 O(ν e , e − )X reaction exceeds that of the 16 O(ν e , e + )X reaction for the high-energy regime, E ν > 35 MeV. Note 9/15 that the same spectrum (the total and average energies) is assumed for ν e andν e in these comparisons while it is inappropriate for realistic supernova neutrinos.
Numerical case for supernova neutrino spectra
Here we examine the validity of our simplified approach by employing the numerical models of supernova neutrino spectra, which are taken from the Supernova Neutrino Database [7] . While several spectral models with different values of the progenitor mass M and metallicity Z are given in the Supernova Neutrino Database, here we adopt two sets: one is the model with (M, Z) = (20M ⊙ , 0.02) and a shock revival time of 200 ms, which is chosen as an ordinary supernova neutrino model, and the other is the model with (M, Z) = (30M ⊙ , 0.004), which is a model of neutrino emission from a black-hole-forming collapse. We consider the time-integrated spectra, whose average and total energies are listed in Table 5 , and take into account neutrino oscillations as in Ref. [53] . On the basis of Mikheyev-Smirnov-Wolfenstein effect resonances, the neutrino number spectra are written as
where P andP are the survival probabilities of ν e andν e , respectively [52] . Meanwhile, dN 0 νe (E ν )/dE ν , dN 0 νe (E ν )/dE ν and dN 0 νx (E ν )/dE ν are neutrino number spectra before the oscillations adopted from the Supernova Neutrino Database, where ν µ , ν τ ,ν µ andν τ are 10/15 Table 5 Average energy, E νi , and total energy, E νi,tot , of the time-integrated ν i spectrum, where ν x = ν µ , ν τ ,ν µ ,ν τ . The neutrino spectra of the ordinary supernova and the case of black hole formation are taken from the model with (M, Z, t revive ) = (20M ⊙ , 0.02, 200 ms) and the model with (M, Z) = (30M ⊙ , 0.004) in Ref. [7] , respectively, where M is the progenitor mass, Z is the metallicity, and t revive is the shock revival time. collectively denoted as ν x . While the neutrino oscillation is caused by the mixture of flavor and mass eigenstates of neutrinos, there is still uncertainty concerning the mass ordering: normal (m 1 < m 2 < m 3 ) or inverted (m 3 < m 1 < m 2 ), where m 1 , m 2 and m 3 are neutrino masses of the individual eigenstates. The survival probabilities depend on the mass hierarchy and we take (P,P ) = (0, 0.68) for a normal mass hierarchy and (P,P ) = (0.32, 0) for an inverted mass hierarchy. Then, the flux of ν i is given as
E νe
Furthermore, we evaluate the event spectra not only for the neutrino-16 O charged-current channels but also for the electron-scattering and inverse β-decay channels. We use the cross sections in Ref. [54] for the electron scattering and in Ref. [55] for the inverse β-decay.
In Fig. 5 , we show the event spectra for the ordinary supernova neutrino model. Comparing the "42-state case" and the "four-group case" for all models considered here, we find that the "four-group case" is sufficient to evaluate the e − /e + spectra of the neutrino-16 O chargedcurrent events. The expected event numbers are shown in Table 6 . In the models with neutrino oscillation, flavor conversions from ν µ and ν τ to ν e and fromν µ andν τ toν e occur. Then, the event numbers of the 16 O(ν e , e − )X and 16 O(ν e , e + )X reactions increase because the average energy of ν x is higher than those of ν e andν e . In the case of the normal mass hierarchy, this effect is significant for 16 O(ν e , e − )X reaction owing to the complete conversion. In contrast, for the 16 O(ν e , e + )X reaction, the event number in the case of the inverted mass hierarchy is larger than those of the other cases. These features are qualitatively consistent with the previous study [32] . Nevertheless, the present event spectra are softer because we take into account the excitation energies in our model.
We also show the event spectra of the electron-scattering and inverse β-decay channels in Fig. 5 . Here the spectra of the inverse β-decay reaction are multiplied by a factor of 0.1, which corresponds to the unidentified events in SK-Gd under the assumption of 90% neutron tagging efficiency as in Ref. [13] . Since the electron scattering channel has a considerably different spectral shape from the other channels (Fig. 5 ) and a strong forward peak, the extraction of its signals is possible [13] . However, even in SK-Gd, untagged inverse β-decay events may dominate and the spectral investigation of neutrino-16 O charged-current events is challenging for ordinary supernova neutrinos.
For the case of a black-hole-forming collapse, the event spectra are shown in Fig. 6 . It should be emphasized again that the neutrino-16 O charged-current spectra for the "42-state 11/15 Thick solid, dotted, dashed and dot-dashed lines correspond to electron-scattering, inverse β-decay, 16 O(ν e , e − )X and 16 O(ν e , e + )X channels, respectively, where the spectra of the inverse β-decay reaction are multiplied by a factor of 0.1 and those of the 16 O(ν e , e − )X and 16 O(ν e , e + )X reactions are for the "four-group case". Thin solid lines denote the neutrino-16 O charged-current spectra for the "42-state case". Table 6 Expected event numbers with a threshold energy of E e = 5 MeV for the models in Table 5 case" and "four-group case" coincide. The black hole formation model with an average neutrino energy of E νi ∼ 20 MeV has a larger event number than the ordinary supernova model with E νi ∼ 10 MeV by one order of magnitude, which is consistent with the results shown in Sect. 3.1 obtained from the analytic expressions for the neutrino spectra. In Fig. 6 , the impact of neutrino oscillation is less than that for the ordinary supernova case (Fig. 5) for the following reason. In the black-hole-forming case, while the average energy of ν x is again higher than those of ν e andν e , the total emission energy of each ν e andν e is more than double that of ν x (Table 5) . Therefore, owing to neutrino oscillation, the neutrino spectrum becomes hard but the neutrino number decreases. As a result, these effects compensate each other and the impact of neutrino oscillation on the event spectrum is unremarkable as shown in Table 6 . The event spectra of the other channels are also shown in Fig. 6 . Comparing the black hole formation model with the ordinary supernova model, we can see that the event number of the inverse β-decay reaction is increased but the enhancement ratio is less than that of 12/15 the neutrino-16 O charged-current reactions. Meanwhile, if the events of the inverse β-decay reaction are identified with an efficiency of 90% by neutron tagging in SK-Gd, the event number of neutrino-16 O charged-current reactions and the number of untagged inverse β-decay events become comparable. Furthermore, using the spectrum of the identified inverse β-decay events, we can statistically subtract the contribution of the untagged inverse β-decay events [13] to isolate the signal of the neutrino-16 O charged-current reactions. In addition, owing to the high event energies, the contamination from extra γ rays by decaying daughter nuclei would be resolved while the accuracy of the event reconstruction is desirable to be investigated for future work. Therefore, the neutrino-16 O charged-current channels are clearly worth investigation for the future detection of a neutrino burst with high average energies, as in the case of a black-hole-forming collapse.
Conclusion
In this paper, the neutrino-16 O charged-current reactions in a large water Cherenkov detector are studied as a detection channel for supernova neutrinos. To evaluate the event spectra, we consider the cross section for each excitation energy and the energy distribution of the recoil e − /e + , which were not dealt with in previous studies. For this purpose, we employ shell model calculations based on the SFO-tls Hamiltonian. As a result, we find that the event spectra obtained in this study are softer than those in previous studies because a considerable fraction of neutrino-16 O charged-current reactions occur with an excitation energy clearly higher than the threshold energy. Furthermore, while 42 states are selected in the shell model calculations, we propose a simplified approach to quickly obtain the spectra of the recoil e − /e + . The 42 states are divided into four energy groups in this approach and we confirm that the simplified approach is valid in the modeling of the event spectra employing both analytic expressions and numerical models for the supernova neutrino spectra. The partial cross sections of the four energy groups are provided both in table form (Table 3) and as fitting formula (4), which we believe will be useful for future studies. Because of their high energy threshold, the neutrino-16 O charged-current reactions are expected to be useful for diagnosing the average energy of neutrinos in a future SK-Gd experiment, where their events will be distinguished from those of the inverse β-decay reaction owing to the neutron tagging by Gd. 13/15 
